aBstract
Allometric growth of chelae dimensions was analyzed to assess the average size at the onset of morphometric maturity (ASOMM) and sexual dimorphism regarding the pair of chelae in the Aegla castro. Both adult males and females are heterochelous with the most robust chela occurring predominantly on the left side. Both chelae are larger in males than they are in females of similar size, thus characterizing these structures as sexually dimorphic traits. Th e ASOMM estimated for males and females were 10.91 and 10.03 mm of carapace length (CL), respectively. Th e increase in variability of chelae dimensions in post-pubertal males led to the recognition of two morphotypes
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IntroductIon
The family Aeglidae Dana, 1852 includes two extinct genera from marine sediment from the Pacific region, Haumuriaegla Feldmann, 1984 and Protaegla Feldmann, Vega, Applegate & Bishop, 1998 , and one extant genus, Aegla Leach, 1820 found in freshwater habitats (Feldmann, 1984; Bond-Buckup and Buckup, 1994; Feldmann et al., 1998; Bond-Buckup et al., 2008; McLaughlin et al., 2010) . Aegla is unique among anomurans because all 78 species described so far (see checklist by McLaughlin et al., 2010 , augmented by description of new species published afterwards by Santos et al., 2012; are endemic to continental South America from latitude 70°S, in Chile to latitude 20°S in Brazil (Bueno et al., 2007; Oyanedel et al., 2011) , and are entirely adapted to freshwater habitats, such as lakes, rivers and streams (Schmitt, 1942; Martin and Abele, 1988; Bond-Buckup and Buckup, 1994) . Most species are found in epigean habitats (Bond-Buckup et al., 2008) but few species are obligate inhabitants of subterranean habitats (Türkay, 1972; Bond-Buckup and Buckup, 1994; Fernandes et al., 2013) .
Morphometric and functional maturities are different approaches to access sexual maturity in decapod crustaceans. The former is associated with the puberty molt and marks the transition from the juvenile into the adult phase, whereas the latter refers to sexually matured individuals that successfully take part in the reproductive process (see López-Greco and Rodríguez, 1999 for review on sexual maturity in decapods). Allometric growth analysis has been often employed in determining the average size at the onset of morphometric maturity of aeglids species (Colpo et al., 2005; Viau et al., 2006; Bueno and Shimizu, 2009; Oliveira and Santos, 2011; Trevisan and Santos, 2012; Copatti et al., 2015) .
Based on significant change in the allometric growth coefficient during adulthood, Bueno and Shimizu (2009) recognized two sequential adult male morphotypes (I and II) in a population of Aegla franca Schmitt, 1942 : Morphotype II differed from the previous morphotype in having larger and more robust pair of chelae. Temporal variation in the proportions between morphotypes in relation to the reproductive cycle of the species indicated that morphotype II males were associated with the acquisition of functional maturity in that sex. For females, the occurrence of full ovarian maturation and/or ovigerous condition have been employed in the determination of the size of functional maturity of aeglid species (Swiech-Ayoub and Masunari, 2001b; Viau et al., 2006; Bueno and Shimizu, 2008; Rocha et al., 2010; Grabowski et al., 2013) .
Aegla castro Schmitt, 1942 is endemic to Brazil and its distribution range includes tributaries on both sides of the Paranapanema River basin, comprising the southern region of the state of São Paulo and the northeastern region of the state of Paraná (see BondBuckup and Buckup, 1994 for names of location). Field studies conducted on this species are scarce and focus mainly on population structure and reproduction (Swiech-Ayoub and Masunari, 2001a; 2001b; Fransozo et al., 2003) .
In the present paper, we investigate the size at the onset of morphometric and functional maturity in males and females of A. castro from Itatinga county, state of São Paulo, Brazil. We report the occurrence of sequential adult male morphotypes and their relationship with the reproductive cycle in the population. Finally, we also provide results regarding sexual dimorphism, the heterochelous condition and handedness of the pair of chelipeds. Aeglids were collected with traps following the procedures described in Bueno et al. (2007) . Commercial fish flavoured dried cat food was used as bait, and traps were set late in the afternoon and checked for captured animals in the following morning. Hand sieves (mesh size: 1 mm) were also used to sample additional specimens, including small juveniles (carapace length < 6 mm) which are not representatively collected by traps. Sieves were kept submerged in oblique position while small rocks and pebbles next to them were manually removed, so as to dislodge the juveniles which were retained by the sieve as they were carried away by the water current.
Each aeglid was sexed based on the position of the gonopore openings (coxa of the third pair of pereiopods in females and of the fifth pair of pereiopods in males) and the presence of pleopods in females (absent in males) (Martin and Abele, 1988) . Fig. 1 ) Carapace length (CL), rostrum not included, was measured from the orbital sinus to the mid-posterior border. Carapace length with rostrum included (CLR) was also measured as the distance from the tip of the rostrum to the mid-posterior border. The relationship between these two measurements was employed to compare the results of the present study with those of other authors in which the measurement of CLR was adopted instead. Straight line equations describing this relationship were obtained with linear regression, separately for males and females and compared with analysis of covariance (ANCOVA).
Measurements (
Chelipeds (first pereiopods): Propodus length of each chela was measured from the outer angle of the proximal border to the distal end of the fixed finger. Propodus height was measured as the cross distance from midpoint of the palmar crest border to the opposite border of palm.
All measurements were taken in loco from live specimens with digital caliper to the nearest 0.01 mm, except for specimens with less than 8 mm CL which were measured with a calibrated ocular scale adjusted to a dissecting scope to the nearest 0.1 mm. Females were inspected for late ovarian development condition (Bueno and Shimizu, 2008) or eggs attached to the pleopods. The reproductive period was defined as the sequence of months in which ovigerous females were sampled.
Voucher material was deposited at the Museum of Zoology of the University of São Paulo (MZUSP # 18841). All other sampled specimens were returned alive to the stream after all measurements and field observations were concluded.
Data analysis
Relative growth analyses were based on the allometric equation y = aCLb (where y = chela dimension; b = allometric growth coefficient; a = intercept on y axis), converted to the linear form lny = blnCL + lna (Hartnoll, 1978; 1982; 1985) . Data from animals showing clear state of regeneration or lacking one of the chelipeds or the pair of chelipeds altogether were excluded from all analyses. Bivariate dataset (selected dependent variable vs. independent variable) were grouped according to major and minor chelae criterion. The procedure to separate data into juvenile and adult groups differed for each sex and followed the analytical procedures described in detail by Bueno and Shimizu (2009) 
Males: Visual inspection of ln[chela dimension] vs. lnCL scatter plots indicated a marked increase in variability in chelae dimensions among large adult specimens (see Fig. 2A ), suggesting the occurrence of two morphotype groups of adult males (= chelae size dimorphism) in the population. The smallest CL at which such increase in variability was detected (CL = 15.96 mm; lnCL = 2.77) was considered as the lower limit of data points used to proceed with the separation of data set of large adult specimens into two superimposed groups. The non-hierarchical K-means clustering method (Legendre and Legendre, 1998) was applied on the bivariate data set consisting of standardized residuals of ln[chela dimension] vs. lnCL regression (variable 1) and lnCL (variable 2), followed by discriminant analysis to re-allocate any
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Nauplius, 24: e2016010 Figure 1 . Aegla castro. Live male specimen. Carapace measurements: carapace length from orbital sinus to posterior border, rostrum excluded (CL); carapace length with rostrum included (CLR). Chelae measurements: propodus length (pl) and propodus height (ph) of minor chela; propodus length (PL) and propodus height (PH) of major chela. Scale bar = 10 mm.
previously misclassified data (Legendre and Legendre, 1998) . After all points associated with larger chelae dimensions (= morphotype II group, sensu Bueno and Shimizu, 2009 ) have been identified and isolated, all remaining data were used in the separation of points into juveniles and morphotype I adults (sensu Bueno and Shimizu, 2009 ). This time, the K-means clustering and the discriminant analysis were performed on ln[chela dimension] vs. lnCL data points.
Females: Differently to what had been observed in large adult males, visual inspection of ln[chela dimension] vs. lnCL scatter plots did not indicate any marked increase in variability in chelae dimensions in large adult female specimens (Fig. 2B) . Thus, the same procedure used for separating male juveniles from morphotype I adult males was employed. The K-means clustering and the discriminant analysis on both male and female data points were carried out with the software PAST version 1.62 (Hammer et al., 2001) .
For every life stage group data recognized, linear regression was applied to ln[chela variable] vs. lnCL data set. Data with correspondent absolute values of standardized residuals (z) higher than |2.57| (p < 0.01) were regarded as outliers and were excluded from all subsequent analyses. Specific Student's t-tests were employed to compare regression slopes and elevations (when necessary) between juvenile and adult (only morphotype I in the case of males) data groups of both sexes and between the two adult male morphotypes data groups.
The state of allometry of chelae dimensions in each life stage was determined by testing the null hypothesis H 0 : b (= slope of the allometric equation) = 1.00 with Student's t-test. Whenever H 0 was rejected, growth was considered positively allometric (b>1) or negatively allometric (0<b<1); when H 0 was not rejected, growth was considered isometric (see Hartnoll, 1978; 1982; Martínez-Mayén et al., 2000) .
The size at the onset of morphometric maturity in each sex, defined as the CL at which 50% of sampled individuals were considered as adults was estimated by interpolation of the equation obtained by applying
Nauplius, 24: e2016010 logistic regression (Pagano and Gauvreau, 2006) on maturation condition of specimen [juvenile = 0; adult (morphotype I only for males) = 1] vs. CL data points. As sizes of morphometric maturity obtained separately for each chela variable were very similar (see Tab. 3 in the results section), the mean size estimate was considered, as suggested by Bueno and Shimizu (2009) 
The same procedure was adopted to estimate the average size at the onset of functional maturity in males, based on the classification of adults in morphotypes I (= 0) and II (= 1). For females, immature (= 0) and mature individuals (= 1) were distinguished in accordance to the absence/ presence of reproductive traits (late ovary development or eggs attached to pleopods) as described by Bueno and Shimizu (2008) . The data points included in this latter analysis were restricted to those obtained from March to June 2007 for males and from March to July 2007 and February 2008 for females when morphotype II adult males and adult females exhibiting reproductive traits, respectively, occurred in proportions higher than 20 percent in the samples. This restriction was adopted to minimize bias caused by occurrence of large individuals showing no functional maturity trait during the other months.
Sexual dimorphism associated with claw dimensions was investigated by comparing regression parameters (Student's t-tests) between adult females and adult morphotype I males only in accordance to Bueno and Shimizu (2009) . Non-parametric Wilcoxon test for paired samples was used to verify the occurrence of the heterochelous condition in adult male (morphotypes treated separately) and female specimens. Yatescorrected goodness-of-fit chi-square test was used to investigate handedness in adult females and males (both morphotypes pooled together).
Temporal variation in proportion of ovigerous females was calculated in relation to the total number of adult females in each bimester. The temporal variation in proportion of morphotype II adult males was also considered in this analysis, so as to investigate the possible relationship between these males and reproductive events, as observed in A. franca (Bueno and Shimizu, 2009 ). The datasets employed in this analysis refer to the specimens collected with traps only.
All statistics analyses were based on the procedures described by Zar (1996) , except otherwise noted. The 0.05 significance level was adopted for all inferential tests. (Fig. 3) . Ovigerous females (n = 9; CL range 10.26 to 18.2 mm were sampled from April through August 2007, and reached a peak in proportion within the May-June period (41.7 %), defining a 5 month reproductive period extending from austral mid-autumn to late winter (Fig. 3) .
Allometric growth of the pair of chelae
Allometric growth analysis of chelae dimensions led to the recognition of three sequential ontogenetic phases in males (Fig. 2C) . The first change in the level 
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Nauplius, 24: e2016010 of allometry marks the transition from the juvenile phase into adulthood (puberty molt) and occurs sharply, with virtually no overlapping between the corresponding groups of data points. The second change occurs in the adult life phase and marks the transition between two sequential adult morphotypes exhibiting relative distinctiveness from each other in terms of chelae dimensions, and henceforth referred to as adult morphotype I and adult morphotype II (sensu Bueno and Shimizu, 2009) . A large overlap interval between the datapoints corresponding to both adult morphotypes is observed among animals larger than 15.96 mm of CL (lnCL=2.77).
For males, the regression equation and corresponding coefficient of determination (r²) obtained for each recognized life stage and according to each dependent variable analyzed are shown on Tab. 1. The state of the allometric growth was positive (slope of the equation significantly larger than 1) regardless of life phase or chela dimension. A significant increase in the allometric growth coefficient was observed at puberty molt for all chela dimensions. Conversely, no variation in the allometry coefficient was detected in the transition between the two adult morphotypes and the obtained straight lines were distinguishable by elevation comparison only (Tab. 2).
For females, allometric growth analysis of ln [chelae variables] vs. ln CL indicated a single change in relative growth during ontogeny, which corresponded to the puberty molt in this sex (Fig. 2D) . The obtained linear regression equations and respective coefficient of determination (r²) are shown on Tab. 1. The state of allometry was positive for all chela dimensions. The allometric growth coefficient (b) did not differ significantly and the distinction between the juvenile and adult phases was verified by elevation comparisons only (Tab. 3).
Size at the onset of morphometric and functional maturities
The average size at the onset of morphometric maturity of males (adult morphotype I) and females, calculated as the mean of the estimates obtained from each chelae variable, were 10.91 mm CL (12.97 mm CLR) and 10.03 mm CL (11.94 mm CLR), respectively (Tab. 3). The average size at the onset of functional maturity is 
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Nauplius, 24: e2016010 (Fig. 4) shows that the proportion of morphotype II adult males was at its highest within the March-April 2007 period, then declined in the following months until they were no longer sampled within the July-August 2007 period and were replaced by the morphotype I adult males belonging to a 1-year younger new cohort. From September 2007 onwards, the transition of these latter males into morphotype II occurred gradually. The temporal variation of proportions of morphotype II adult males and adult females showing developing reproductive traits matched closely (Fig. 3) .
Heterochely and handedness
Adult males (both morphotypes) and females of A. castro are heterochelous (ρ <0.05 in all cases) with handedness preponderance of the left chela as being the most robust of the pair (males: 72.95%; χ² = 43.60, ρ <0.05; females: 80.47%; χ² = 47.53, ρ <0.05).
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Sexual dimorphism
The allometric growth coefficient (b) of the ln[chelae variable] vs. lnCL relationship differed between adult females and adult morphotype I males (t = 11.60; ρ <0.05) indicating that dimensions of the pair of chelae are sexually dimorphic traits (Fig. 5) . Males exhibit larger and more robust chelipeds when compared to those of similar-size females after puberty molt.
dIscussIon
Aegla is typically heterochelous, with handedness of the more robust chela predominantly skewed to the left side of the pair (Schmitt, 1942; Bahamonde and López, 1961; López, 1965; Rodrigues and Hebling, 1978; Viau et al., 2006; Bueno and Shimizu, 2009; Oliveira and Santos, 2011) . In these freshwater anomurans, heterochely is equally observed in the population regardless of sex, except for a single case of homochely reported in males and females of Aegla leptodactyla Rossi, 1977 (Noro and Buckup, 2003) . The differential relative growth of the chelae, however, is a sex-dependent morphological attribute as both major and minor chelae are larger and heavier in males than they are in females of similar size, thus characterizing a conspicuous sexually dimorphic trait in Aegla (Bueno and Shimizu, 2009 ).
In heterochelous decapods, each chelae may be used in different ways when it comes to manipulating food, but the use of the smaller (or minor) chela is also associated with grooming behavior, while the larger (or major) chela plays an important role in agonistic confrontations and reproductive behavior (Mariappan et al., 2000) . In Aegla uruguayana Schmitt, 1942 , for example, Viau et al. (2006) reported that sexually functional males use the major claw to defend receptive females from other males. However, both chelipeds may participate in specific reproductive tasks. For instance, adult males of Aegla platensis Schmitt, 1942 employ both major and minor claws to grasp, lift and rotate the body of the receptive female so as to properly position her in relation to his body at the beginning of the copulatory phase (Almerão et al., 2010) .
In allometric growth analyses conducted with male specimens, meristic data obtained from the propodus of the chelipeds have been extensively selected as dependent variables. Although pleon dimensions have frequently been used as dependent variable (Colpo et al., 2005; Viau et al., 2006; Oliveira and Santos, 2011; Trevisan and Santos, 2012; Copatti et al., 2015) in similar studies regarding female aeglids, Bueno and Shimizu (2009) have shown that the use of chelae dimensions as dependent variables in allometric growth analysis can be equally informative either in males or females and can provide very consistent and precise results, as long as bivariate dataset (selected dependent variable vs. independent variable) are grouped according to major and minor chelae criterion. This procedure is recommended so as to avoid the introduction of possible biased data whenever a predominantly-sided handedness -while still exhibiting proportion of individuals with reversed handedness -is clearly detected in a heterochelous population should the left-and-right chelae criterion be chosen instead (Bueno and Shimizu, 2009) . In the present work, all analyzed chela dimensions allowed adequate separation of life stage data into groups for both males and females of A. castro (Tabs. 1, 3) . Results on the average size at the onset of the morphometric maturity (= puberty molt) obtained for each of the four dependent variable were very close, suggesting the existence of coherent biological meaning in the estimates obtained for each sex separately. 
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Since maturity is size related, the ratio between the size at the onset of maturity and the asymptotic size (L ∞ of the von Bertallanffy growth equation) tends to be constant, and is defined as the relative size at the onset of maturity, or RSOM (Charnov, 1990) . The validity of this assumption has been demonstrated in pandalid shrimps and grapsid crabs (Charnov, 1990; Conde and Diáz, 1992) . Tab. 4 is an update of Tab. 3 originally provided by Oliveira and Santos (2011) and includes the currently available data on size at onset of morphometric maturity and its proportion in relation to the size of the largest sampled individual of Aegla species. Although the absolute sizes vary considerably among species, the range of variation in proportion is fairly narrow (0.38-0.60), indicating that aeglids tend to attain morphometric maturity by the time they are approximately half as large as the maximum size they reach. The values of this proportion seem to not depend on sex, species or environmental conditions (study sites with latitudes varying from 20º18' to 34º14'). This is expected since this proportion is an approximation of the RSOM. The close values of proportion between sexes particularly suggest that the trend of males attaining morphometric maturity at a larger size than females, commonly verified in aeglid species, results from the species-specific growth pattern each sex presents. Conversely, the time at which the size at onset of morphometric maturity is attained may vary among species. In accordance to the somatic growth pattern data compiled by Silva-Gonçalves et al. (2009 ), Cohen et al. (2011 and Trevisan and Santos (2011) , complemented by results obtained by Chiquetto-Machado et al. (2016) , species found in lower latitude locations (<25º) tend to grow more slowly and, thus, are expected to take longer to attain morphometric maturity than those found in higher latitude regions.
One remarkable biological feature associated with sexual maturity in A. castro is the recognition of two adult male morphotypes in the population, as similarly reported by Bueno and Shimizu (2009) in A. franca. In both species, morphotype I and II (Bueno and Shimizu, 2009) Similarly to what has been observed in A. franca, the gradual transition from morphotype I to the sexually functional morphotype II in the population occurs as the mating period gets closer (Bueno and Shimizu, 2009; this paper) . The temporal variation of proportions of morphotype II males and females showing late ovarian development are synchronous in both species (Fig. 3, this paper; Fig. 7 in Bueno and Shimizu, 2009) . The combination of the pieces of information above reinforces the relationship between these males and reproductive activity, as well as the adequacy of the use of data from the morphotypes for estimating the size at the onset of functional maturity as proposed by Bueno and Shimizu (2009) .
Also included on Tab. 4 are the currently available data on size at onset of functional maturity and its proportion in relation to the size of the largest male and/or female of Aegla species. As in the case of the morphometric maturity, the absolute values varied more widely than the proportions in relation to the largest size among species. The relative values of A. castro, A. franca, Aegla parana Schmitt, 1942 and Aegla schmitti Hobbs III, 1978 (data for the latter two species are available for females only) are very close within each sex, and tend to be higher in males. In the case of A. uruguayana, the proportions are similar between sexes and are both lower when compared to that found in the other aforementioned species. Although the current dataset is limited, these differences might be attributed to distinct criteria adopted for separating mature and immature individuals for the analyses. In the case of A. franca and A. castro, the criteria differed between males (size at which 50% of adults were morphotype II) and females (size at which 50% of individuals showed reproductive traits). As for A. uruguayana, the smallest individual showing reproductive traits was considered for males (spermatozoa in the vas deferens) and females (eggs attached to the pleopods). While the adoption of criteria of similar nature (reproductive traits) led to closer estimates between sexes of this species, the smallest size criterion might have caused the size at onset of functional maturity to be underestimated when compared to values obtained based on the size at which 50% of individuals are functionally mature. This latter proposition is reinforced by the low proportion (similar to that of A. uruguayana) obtained for Aegla manuinflata Bond- Buckup and Santos, 2009 
(in Santos
Allometric growth and sexual maturity in Aegla castro Nauplius, 24: e2016010 Starting with the hatching of juveniles by JulyAugust, when proportion of ovigerous females decreased after the peak (Fig. 3) , A.castro attains fully functional maturity and engage in mating activities almost two years later (March-April) by the time the adults are 20-21 months of age. This pattern is coherent with those observed in A. franca, A. strinatii Türkay, 1972, A. paulensis Schmitt, 1942 and A. schmitti , species from low latitude locations which become functionally mature at 19-21 months of age (Bueno and Shimizu, 2008; Rocha et al., 2010; Cohen et al., 2011; Chiquetto-Machado et al., 2016) . As expected from their faster individual growth, species from higher latitude locations attain functional maturity earlier in their respective life cycle, as reported for A. platensis (12.6-15.6 months) and Aegla longirostri Bond- Buckup and Buckup, 1994 (8 and 12 months) Colpo et al., 2005; Silva-Castiglioni et al., 2006) .
In the present study, the population of A. castro from Itatinga shows marked seasonal reproductive period lasting for 5 months (April-August), which is in accordance to the pattern of latitudinal variation of breeding period duration as proposed by Bueno and Shimizu (2008) and supported by similar findings from works published later on for other aeglid species (Rocha et al., 2010; Cohen et al., 2011; Grabowski et al., 2013; Bueno et al., 2014; Chiquetto-Machado et al., 2016) . This result, however, is 2.5 times longer than
